The low-energy electronic properties of a few graphite layers with AA and ABC stacking under application of the electric field (F), perpendicular to the layers, are explored through the tight-binding model. They strongly depend on the interlayer interactions, the stacking sequences, the layer numbers, and the field strength. In the absence or presence of F, the AA-stacked N-layer graphites (N ¼ 3 and 4) exhibit the linear bands near the Fermi energy. The interlayer interactions and electric field chiefly shift the Fermi momenta and the state energies. The ABC-stacked N-layer graphites are characterized by the complicated low-energy bands due to the stacking effect, on which F has a great influence-the change of the state energies and the subband spacing, the opening of a band gap, the production of the oscillating bands, and the increase of the band-edge states. As a result, the two kinds of special structure, whose positions and heights are modulated by F, are found in the density of states (DOS) in contrast to the featureless DOS of the AA systems. The comparison with the AB-stacked few-layer graphites is also made.
Introduction
Graphite, one of the most important layered systems, has been theoretically and experimentally studied for decades. [1] [2] [3] Layered graphites are the stack of the graphite sheets. Each graphite sheet is made up of the planar hexagonal networks of carbon atoms with very strong bonds related to an sp 2 hybridization of atomic orbitals. The nonhybridized p z orbitals, perpendicular to the graphitic plane, dominate the low-energy electronic properties of each graphite sheet. An isolated graphite sheet (graphene) is a zero-gap semiconductor with the vanishing density of states at the Fermi energy. The sequence of graphite sheets brings about the various 3D graphite crystals: [4] [5] [6] [7] (1) hexagonal simple graphite with an AAAA stacking; (2) Bernal graphite with an ABAB stacking; (3) rhombohedral graphite with an ABCABC stacking. The interlayer interactions, due to the weak overlap of the nonhybridized p z orbitals, lead to the anisotropic band structure along the stacking direction, and have a great influence on the low-energy electronic properties. [4] [5] [6] [7] [8] [9] [10] The study of the physical properties of carbon allotropic forms, e.g., 1D nanotubes, 11) 0D carbon toroids, 12) and 1D nanographite monoribbon 13, 14) has revealed that the size and dimensionality significantly dominate the electronic properties of these systems. More recently, success of the isolation of few-layer graphites (FLGs), including the monolayer structure, from graphite is reported. [15] [16] [17] [18] These two-dimensional crystals are the piles of finite layers of the graphitic sheets along the c-axis. By reducing the dimensionality of graphites along the stacking direction, the interesting properties emerge as expected, e.g., the novel quantum Hall effect. 19, 20) Moreover, the electric properties of the FLGbased device are likely to be controlled by the application of the external gate voltage.
In our former work, the electronic and optical properties of the AB-stacked N-layer graphites (N ¼ 2, 3, and 4) in the presence of a perpendicular electric field are explored by employing the tight-binding model. 21) They are strongly dependent on the geometric structure (the interlayer interactions and layer numbers) and the field strength F. In the absence of an electric field, the interlayer interactions remarkably change the linear bands to parabolic bands and produce new band-edge states. The AB-stacked bilayer and four-layer graphites are semimetals because of the weak overlap between valence and conduction bands while the AB-stacked tri-layer graphite is a semiconductor. The application of F remarkably modifies the energy dispersions. F causes the subbands anticrossing, changes the subband spacing, induces the oscillating bands, and increases new band-edge states.
The features of the low energy property of layered graphites, e.g. the state energies, the density of states near the Fermi energy and the shape of Fermi surface, are significantly modified by the sequence types, e.g., AA, AB or ABC stacking. [4] [5] [6] [7] FLG can be treated as an intermediate structure between a graphite sheet and 3D graphites. The overall energy dispersions of the electrons of FLGs are similar to those of the graphite sheet or 3D graphites. The low-energy physical properties of FLGs are expected to be sensitive to the stacking types. Following this, we are inspired to study the stacking effect on the low energy properties of FLGs. The result helps understand the physical properties of FLGs. Through the tight-binding model, electronic properties of the AA-(ABC-)stacked N-layer graphites with the layer number N ¼ 3 and 4 are respectively explored. The dependence of the electronic properties on the geometric structure (the stacking type, the layer number, and the interlayer interactions) and the electric field is investigated in detail. The findings of our study exhibit that in the absence of the electric field, the low-energy electronic properties of the FLG depend strongly on the geometrical structure. Such characteristics contribute to recognize the geometrical structure of FLG. Furthermore, the electric field is to change the electronic properties of FLGs. This paper is arranged as follows. In §2, the analytic Hamiltonian matrix elements of tight-binding method for the electronic properties of FLG with the AA (ABC) stacking are first derived. The effects of the geometric structure and the field strength on the band dispersions and DOS are then investigated in §3. The comparison with the AB-stacked FLGs is also made. And finally, conclusions are drawn in §4. Fig. 1(b) , is the same as that of a graphite sheet. For simplicity, the reconstruction of FLGs is deliberately neglected here. Thus, the geometric structure and all the tight-binding parameters of the AA-stacked graphite are directly used to describe the characteristics of AA NLG. This assumption allows us to be accessible to the main features of electronic properties of the AA NLG. The bond length of C-C atom on the same sheet is b ¼ 1:42 Å . The distance between the two neighboring sheets is equal to I c ¼ 3:35 Å . 4) An electric field F, perpendicular to the graphite sheets, is applied to modulate the electronic properties of an FLG. The effective field F, due to the screening effect, 22) presumedly changes the site energy associated with the tight-binding model. 23, 24) The Hamiltonian equation of the system is
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where i (j) denotes the atom sites. i ðFÞ is the fieldmodulated site energy. C þ i and C i are the creation and annihilation operators, respectively. t i; j is a hopping integral.
In the calculation of the matrix representation, the bands, which make no contribution to the energy dispersions close to the Fermi energy, 4, 6) are omitted. Only the bands and the following atom-atom interactions [ Fig. 1(a) ] are included. 0 is the interaction between atom A and B on the same graphite sheet. 1 ( 2 ) represents the interaction between the two atoms from the two neighboring (nextneighboring) sheets. 3 is the interaction between atom A and B from the two neighboring sheets. The matrix representation is a 2N Â 2N Hermitian matrix
where h 1;i , h 2 , and h 3 are 2 Â 2 blocks. Block h 1;i , the Hamiltonian matrix of the ith graphite sheet along the z-axis, is given by
b l represents the nearest neighbor on the same graphite sheet and k ¼ ðk x ; k y Þ is the wavevector. Electric field adds an electric potential U ¼ ÀeFði À 1Þc to the site energy of a carbon atom. ði À 1Þc is the z-coordinate of the ith graphite sheet. The eigenenergies of eq. (3), the energy dispersions, depending on the wavevector ðk x ; k y Þ and field strength F, are
The interlayer interactions bring about the off-diagonal block h 2 and h 3 . They are c,v ðk x ; k y Þ. The geometric structure of the ABC-stacked N-layer graphite is shown in Fig. 1(b) , in which half of the atoms are directly below atoms in the adjacent sheet and directly above hexagonal ring centers and the other half of the atoms are directly above atoms and directly below hexagonal ring centers.
6) The ABC-stacked N-layer graphite has 2N carbon atoms in a primitive cell. The first Brillouin zone is also shown in Fig. 1(b) . The atom-atom interactions, shown in Fig. 1(b) , are as follows. 0 represents the interaction between atom A and B on the same sheet. 4 corresponds to the interaction between the two atoms A or two atoms B from the two neighboring sheets. The interlayer interaction between the atom A and B from the two neighboring sheets is 1 when the two atoms have the same ðx; yÞ coordinate. 
where H 1;i , H 2 , and H 3 are 2 Â 2 blocks. Block H 1;i is the Hamiltonian matrix of the ith graphite sheet along the z-axis. It is
The off-diagonal block H 2 is
And the block H 3 is
Energy dispersions E c,v ðk x ; k y Þ are obtained from the diagonalization of Hamiltonian matrix.
Electronic Properties
The 2D band structure of a graphite sheet [eq. (4)] in the absence of the electric field (F ¼ 0) is first reviewed simply. The occupied valence () bands are symmetric to the unoccupied conduction ( Ã ) bands about the Fermi energy E F ¼ 0. The K, M, and À, respectively, belong to the local minimum point, the saddle point, and the maximum or minimum point in the energy-wave-vector space. The energy dispersions near the K point exhibit two isotropic linear bands that precisely intersect at E F . Such critical points would induce special structures in the density of states. DOS due to the linear bands is vanishing at the Fermi level. The free carrier is absent, so that a monolayer graphite is a zerogap semiconductor. Energy bands near the M (À) point are anisotropic parabolic dispersions. State energy is AE 0 (AE3 0 ) at the M (À) point. 0 is the interaction between atom A and B on the graphite sheet. The band width E w , the difference between the state energy of the highest unoccupied state with that of the lowest occupied state, is 6 0 .
The geometric structure (the interlayer interactions and the layer numbers) has a great influence on the energy dispersions of an FLG with AA stacking, which exhibit the asymmetrical energy bands about E F [ Figs. 2(a)-2(b) ]. There are N sets of the energy bands because the degeneracy of N graphite sheets is lifted by the interlayer interactions. There are (N À 1) energy spacings along the KÀ, ÀM, and MK directions. These energy spacings are wavevectordependent. The energy spacing is maximum at À point. The band width E w at the À point is enhanced with the increase of layer number. Alternatively, the main features of the energy bands are very similar to those of a graphite sheet. There are the linear bands and parabolic bands. The M and À, respectively, belong to the saddle point, and the maximum or minimum point in the energy-wave-vector space.
The characteristics of the low energy dispersions around the K point are dwelt. An AA-stacked N-layer graphite exhibits N pairs of the nearly linear band, as shown in the inset of Fig. 2(a) . It is noted that the Fermi energy E F indicated by the dashed line is pinned to zero. Interestingly, the increase of layer number does not alter the band feature-the nearly linear bands [the inset of Fig. 2(b) ]. That is to say, the interlayer interactions chiefly cause the shift of Fermi momenta and modify the state energies. The Fermi momenta are close to the K point, where k F ¼ 2=3 [the insets of Figs. 2(a) and 2(b) ]. The nearly linear bands at the K point do not intersect at E F . The inset of Fig. 2(a) shows that three pairs of the nearly linear band, at the K point, cross at p Þ=2 are attributed to the bulk states, which extend to all layers (Appendix). Moreover, the surface state does not exist in the AA-stacked N-layer graphites when N ¼ even.
Energy dispersions of the ABC-stacked N-layer graphites are shown in Figs. 2(c)-2(d) . There are N sets of the energy bands. They exhibit the asymmetrical structure about E F . Energy dispersions are, in general, the parabolic bands. The M and À are the saddle point and the maximum or minimum point, respectively. Along the KÀ and ÀM directions, the energy spacings are strongly wavevector-dependent. The energy bands are more dispersive at the À point while they entangle each other along the MK [Figs. 2(c) and 2(d) ].
The stacking effect is clearly exhibited through the quite dissimilar low-energy bands of the ABC-stacked Nlayer graphites, as shown in the insets of Figs. 2(c)-2(d) , where the occupied states E v are almost symmetric to the unoccupied states E c about E F ¼ 0. Apparently, the nearly linear bands are absent. The anisotropic energy dispersions around the K point are so produced. The energy dispersions are completely modified by the interlayer interactions, which depend on the geometric structure. In addition, the ABCstacked four-layer graphite is a semimetal due to the tiny overlap between the highest occupied states and the lowest unoccupied states. In short, the low energy dispersions are closely related to the geometric structure (the layer numbers and the stacking types).
The effect caused by F on the low-energy dispersions is also dependent on the stacking types. Figures 3(a) and 3(b) show that the presence of the electric field F does not destroy the band feature of the AA-stacked N-layer graphites, i.e., there exist the nearly linear bands. F mainly shifts the Fermi momenta and the state energies (Appendix). Interestingly, in the AA-stacked trilayer graphites, the state energies and the associated wave functions of the surface state are not affected by the electric field, which chiefly influences the state energies of the bulk states [ Fig. 3(a) ]. In contrast, F significantly modifies the energy dispersions of the ABCstacked N-layer graphites. It alters the band feature, opens a band gap, changes the band spacing, causes the subband anticrossing and the oscillating band dispersions, and produces new band-edge states as well [the bold curves in Figs. 3(c) and 3(d) ]. Remarkably, F can induce the semimetal-semiconductor transition in the ABC systems. As shown in Fig. 4 , the size of band gap E g of the ABCstacked NLG is quite sensitive to the field strength and the layer number. E g of the ABC-stacked tri-layer graphits, as shown by the light curve in Fig. 4 , first comes to a maximum value and then slopes down while the field strength is increasing. On the other hand, the band gap E g of the fourlayer graphite oscillates as a function of the field strength F (the bold curve in Fig. 4) . It first increases with the increase of the field strength, and then reaches a maximum value, and finally declines to zero. Thus, the semiconductor-semimetal transition occurs. The band gap is reopened when the field strength increases. That is to say, F induces the semimetalsemiconductor transition. In the successive increasing of the field strength, E g consistently goes to the next peak value, then declining. The study above exhibits that the stacking types have a great influence on the low-energy electronic properties of few-layer graphites. In the system with the AA-stacking, the carbon atoms in every sheet have the same ðx; yÞ coordinates. All the A (B) atoms form the linear atomic chains along the stacking direction [ Fig. 1(a) ]. The symmetry group of the AA-stacked is the same as that of the single graphite sheet. The interlayer interactions do not break the symmetry properties. In fact, they only destroy the degeneracy of the constituent graphite sheets. Therefore, the nearly linear bands are observed around the K point. On the other hand, both atoms A and B do not form the linear atomic chains along the stacking direction [ Fig. 1(b) ] because of the stagger of the graphite sheets within the few-layer graphites with ABC-stacking. The interlayer interactions not only destroy the degeneracy of the grapheite sheets but also break the symmetry properties, e.g., the mirror symmetry xy about the horizontal plane. Thus, the energy dispersions around the K point are quite different from those of the AA-stacked few-layer graphites.
DOS will reveal the aforementioned electronic properties. It is evaluated by
The comparison between the ABC-and the AB-stacked FLGs 21) exhibits that in the absence of an electric field, certain important differences are revealed in the low energy dispersions, such as the features of the band structure, the size of band gap, the overlap between the valence and conduction bands and the DOS feature near the Fermi level. These differences are caused by the different interlayer interactions that are closely related to the stacking types and the layer numbers. For example, the four-layer graphite with AB-stacking adopt the ABAB sequence while that with ABC-stacking owns the ABCA ordering. Alternatively, in the presence of a strong electric field, the characteristic of the electronic properties (the shape of energy dispersions, the generation of oscillating band dispersions and the production of new band-edge states) of the ABC-stacked FLG are similar to that of the corresponding FLG with the AB-stacking. The chief cause is that the strong electric field, which seriously destroys the degeneracy of the constituent graphite sheets [eq. (3)], depresses the effects caused by the interlayer interactions that couple the graphite sheets. 21) The study shows that the interlayer interactions may play an important role in the electronic properties of FLGs in the absence of the electric field (or in the presence of the weak electric field).
Conclusions
Through the tight-binding model, the low-energy electronic properties of the AA-and ABC-stacked N-layer graphites in a perpendicular electric field are respectively explored. The stacking types, the layer numbers, and the field strength (F) are all closely related to them. The predicted results could be verified by the STM and the optical spectroscopies.
The low energy electronic properties are sensitive to geometrical structures in the absence of an electric field. The N-layer graphites with AA stacking exhibits the linear bands while those with ABC stacking shows the more complicated bands. Due to the geometric structure, the band feature-the linear bands-of the N-layer graphites with AA stacking is not destroyed by F. On the other hand, F considerably influences the energy dispersions of the ABC-stacked N-layer graphites. It can open a band gap, induce the semimetal-semiconductor transition, change the subband spacing, produce the oscillating bands, and increase the badedge states. All the above-mentioned effects are completely revealed in the changes of DOS-the generation of two special structures, the shift of peak position, the change of peak height, and the alternation of band gap.
The ABC-and the AB-stacked N-layer graphites exhibit the exactly different low-energy dispersions in the absence of the electric field. Such differences are caused by the different stacking types. On the other hand, the ABC-and the AB-stacked FLGs show the similar feature of energy dispersions in the application of the strong electric field. According to our study, the low-energy electronic properties of the FLG in the absence of the electric field may play a key role in identifying the geometrical structure of FLG. Moreover, the electric field can be used to modulate the electronic properties of FLGs. 
